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ABSTRACT
Beta-delayed neutron emission is being studied by detecting the 𝛽 particles and recoiling ions emerging from
the Beta-decay Paul Trap. For 𝛽 decays to the ground state or 𝛾-emitting states of the daughter nucleus, the
fraction of recoiling ions which reach the ion detector in coincidence with a 𝛽 particle has been determined
for 134, 135 Sb, 137, 138, 140 I, and 144, 145 Cs. This value is needed for the determination of the 𝛽-delayed neutron
emission branching ratio solely from the recoil-ion time-of-flight (TOF) spectrum. The 𝛽-particle energy and
recoil-ion TOF spectra were used to constrain a simple decay model, which can be used to determine the
detection efficiency. The method is compared to simulations to estimate the uncertainty introduced by incomplete
knowledge of the decay pattern. By fitting the simulation results to several 𝛽-ion coincidence properties measured
during the experiment, the fraction of ions which reach the microchannel plate detector can be determined to
within ±4%. This result opens the possibility of using the recoil-ion TOF spectra for high precision 𝛽-delayed
neutron branching-ratio measurements.

1. Introduction
Detailed studies of beta-delayed neutron (𝛽n) emission are important
for establishing a better understanding of the nuclear structure of
neutron-rich nuclei, the production of heavy elements in the cosmos,
and applications of nuclear science involved in nuclear-energy generation and national-security missions. Improved measurements of 𝛽n
emission for fission products have the potential to reduce the conservative margin needed for the safe operation of nuclear reactors, resulting
in reduced costs [1], and more precise nuclear reactor kinematic and
*
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dynamic calculations have made the 𝛽n energy spectrum increasingly
important [2], particularly for fast reactors [3]. In addition, improved
nuclear data for fission products would benefit the stockpile-stewardship
and nuclear-forensics missions [1]. The isotopic abundance patterns
for the elements heavier than iron produced in the astrophysical rapid
neutron capture (𝑟) process is influenced by 𝛽n emission by changing the
mass flow during the decay back to stability and by providing a delayed
population of neutrons for neutron-capture reactions [4].
The Beta-decay Paul Trap (BPT) was designed and built for detailed
studies of 𝛽 decay, and has been used to investigate 𝛽n emission [5–7].
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The BPT is a radio-frequency quadrupole (RFQ) ion trap with an open
electrode geometry that allowed a set of radiation detectors to surround
the trapped-ion cloud [8]. The use of an RFQ trap in conjunction
with microchannel plate (MCP) detectors allows the detection of the
low-energy recoiling daughter nucleus following either 𝛽 decay or
𝛽n emission. Plastic scintillator detectors were used to observe the
coincident 𝛽 particle and provide a start signal for the time-of-flight
(TOF) of the daughter recoil ion. The emission of a neutron typically
imparts larger recoil energies, which results in shorter TOFs for the
recoiling ions. This allows the identification of 𝛽n events based on the
TOF. As a result, the 𝛽n emission branching ratio, 𝑃𝑛 , can be determined
without the need for direct neutron detection by using the relation
𝑃𝑛 =

𝑁𝛽𝑅
𝑁𝛽𝑅 + 𝑁𝛽𝑟

=
=

𝑛𝛽𝑅 ∕𝜖𝛽𝑅
𝑛𝛽𝑅 ∕𝜖𝛽𝑅 + 𝑛𝛽𝑟 ∕𝜖𝛽𝑟
𝑛𝛽𝑅
𝑛𝛽𝑅 + 𝑛𝛽𝑟 𝜖𝛽𝑅 ∕𝜖𝛽𝑟

(1)

.

Here 𝑁𝛽𝑅 , 𝑛𝛽𝑅 , and 𝜖𝛽𝑅 are the number of 𝛽n decays, the number
of detected 𝛽-ion coincidences from 𝛽n decay, and the efficiency for
detecting these 𝛽-ion coincidences, respectively. 𝑁𝛽𝑟 , 𝑛𝛽𝑟 , and 𝜖𝛽𝑟 refer
to the same quantities but for 𝛽 decays which do not subsequently result
in neutron emission.
Although 𝑃𝑛 can also be determined by comparing 𝑛𝛽𝑅 to the number
of detected 𝛽 particles and the number of 𝛽-𝛾 coincidences (as in
Ref. [5]), a result obtained solely from 𝛽-ion coincidences using Eq.
(1) has the advantage that it is a ratio involving the same detectors
and coincidence requirements. Therefore, this measurement approach
can potentially reach the highest precision if the ratio 𝜖𝛽𝑅 ∕𝜖𝛽𝑟 can be
accurately determined.
In the ratio 𝜖𝛽𝑅 ∕𝜖𝛽𝑟 , quantities such as the intrinsic efficiencies
and solid angles of both the MCP detector and the 𝛽 detector cancel
out to a large degree. The 𝛽-particle detection efficiencies are nearly
independent of the energy distribution because a low-energy threshold
(70 keV) was used; the resulting small deviation from unity in the ratio
due to threshold effects and scattering can be calculated with reasonable
precision. The intrinsic efficiency for detecting the recoil ions striking
the MCP detector is also nearly independent of the initial recoil energies
because the ions are all accelerated to energies >5 keV, for which
the intrinsic efficiency is nearly independent of impact energy [9].
This leaves the main challenge in determining the ratio 𝜖𝛽𝑅 ∕𝜖𝛽𝑟 as
determining the fraction of ions which reach the MCP detector for the
two decay modes.
The value of 𝜖𝛽𝑅 , although somewhat dependent on the neutronenergy distribution, is significantly more straightforward than 𝜖𝛽𝑟 to
determine. For all but the lowest-energy neutrons, the corresponding ion
momentum is dominated by the recoil imparted by the emitted neutron,
and the recoil energy is large enough that the ion trajectories are only
minimally perturbed by the electric fields of the trap. In addition, the 𝛽
decays to the neutron-unbound states are expected to be predominantly
allowed in character, so the direction of the neutron and 𝛽-particle
momenta are not expected to be correlated. As a result, the fraction
of these ions reaching the MCP detector, and therefore 𝜖𝛽𝑅 , is largely
dependent on detector solid angles.
For 𝜖𝛽𝑟 , the situation is not as simple. For decays without neutron
emission, the recoil energies are all less than 400 eV and therefore
the ion trajectories are significantly perturbed by the 200 V peak-topeak RF voltage of the trap. The initial recoil momentum of the ions is
also dependent on the 𝛽-𝜈 angular-correlation coefficients (𝑎𝛽𝜈 ) of the
transitions as well as the details of any subsequent cascade of 𝛾 rays and
conversion electrons (CEs). For first-forbidden transitions, the values
for 𝑎𝛽𝜈 can depend on several 𝛽-decay matrix elements [10] and are
typically difficult to predict. Therefore, determining the fraction of ions
which reach the MCP detector is not straightforward.
This paper focuses on the development of a method for precisely
determining the fraction of ions which reach the MCP detector, and
therefore 𝜖𝛽𝑟 , despite the aforementioned challenges. A simple model

Fig. 1. The BPT and associated detectors, viewed along the beam axis. The
beam axis points out of the page and the detectors are identified according to
their positioning relative to the axis. In the left and bottom positions are the
two 𝛥E–E plastic scintillator detectors used for 𝛽-particle detection, and in the
right and top positions are two MCP detectors and two HPGe detectors used for
recoil-ion and 𝛾-ray detection, respectively.

that uses a set of fictitious 𝛽-decay branches and a single, average
value for the 𝛽-𝜈 angular correlation coefficient for all transitions is
demonstrated to accurately determine the fraction of ions which reach
the recoil-ion detector if the decay properties are adjusted to match
certain key properties of the data. This approach depends only on data
collected using the BPT and therefore can be used even in the complete
absence of prior knowledge of the decay properties. This feature is
important as the availability of reliable 𝛽-decay data varies considerably
and is quite limited for most isotopes far from stability.
2. Experiment
The 𝛽 decays of 134,135 Sb, 137,138,140 I, and 144,145 Cs were studied using
the BPT instrumented with a detector array consisting of two MCP
detectors, two 𝛥E–E plastic scintillator telescopes, and two high-purity
germanium (HPGe) detectors for the detection of recoil ions, 𝛽 particles,
and 𝛾 rays, respectively. The detector geometry is shown in Fig. 1.
The focus of these experiments was to study 𝛽n emission properties
by measuring the time-of-flight (TOF) of the recoiling daughter nuclei.
This approach and the experimental system are described in detail in
Refs. [5–7,11] so only a brief summary is provided here.
The ions were provided from the spontaneous fission of a ∼100mCi 252 Cf source at the Californium Rare Isotope Breeder Upgrade
(CARIBU) [12] located at the Argonne Tandem Linac Accelerator System
(ATLAS) facility at Argonne National Laboratory. The isotopes were
delivered as singly-charged mass-separated ion beams with intensities
which ranged from ∼1000 ions/s (137 I) to ∼10 ions/s (140 I). For 135 Sb,
138 I, and 144,145 Cs, the beams had a radiopurity of >95%. For the 134 Sb,
137 I and 140 I analysis, contributions from 134m Sb, 137 Te and 140 Xe ions
observed to be present in the trap, respectively, had to be identified
based on the order-of-magnitude difference in the radioactive half-lives
of the species involved. The mass selectivity of the ion delivery was not
sufficient provide any suppression of 134 Sb from the high-spin 134m Sb
isomer. The 134 Sb contribution was isolated by taking the appropriate
combination of data collected under two different measurement conditions [11].
The ions delivered to the BPT were confined radially by applying
≈200 V peak-to-peak RF voltage at 310 kHz to four sets of thin electrode
61
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Table 1
The estimated average recoil-ion charge state and 180◦ ∕90◦ coincidence ratio
determined from the data for each isotope.
Isotope

Average charge state

𝑅180∕90

134 Sb

2.44
2.20
2.28
2.25
2.16
2.45
2.13

9.38 ± 0.68
5.85 ± 0.15
5.97 ± 0.20
3.08 ± 0.02
3.91 ± 0.22
3.33 ± 0.02
3.66 ± 0.05

135 Sb
137

I
I
I
144
Cs
145
Cs

138

140

plates which were positioned with the interior edge within 11 mm of the
trap center. Each of the electrode plates was divided into three segments
along the beam axis and the ions were confined axially by DC voltages
of +20 V, −17 V, and +20 V applied on the segments. Manipulation
of the DC offsets applied to the entrance and exit sections allowed ion
loading and ejection. The trap volume was suffused with helium buffer
gas at a pressure of ∼ 5 × 10−5 Torr to cool the trapped ions and reduce
the spatial extent of the ion cloud to ∼1 mm3 .
The MCP detector assemblies consisted of two MCP plates arranged
in a chevron configuration and backed by a resistive anode, and provide
both sub-mm position and ∼1-ns timing information for the recoiling
ions. The detectors were located 53.0(5) mm from the center of the ion
cloud and had a nominal sensitive area of 50 × 50 mm2 . Events which
fell within a fiducial area of 46 × 46 mm2 , where hit locations could be
precisely determined, were used in the analysis of the data. Grounded
89%-transmission screens were placed 4.5 mm in front of each MCP
detector and a −2500 V bias was applied to the front face of the detectors
to accelerate the ions for nearly uniform detection.
Each plastic-scintillator telescope consisted of a 1-mm-thick, 106.6mm-diameter 𝛥E detector backed by a 102-mm-thick, 133-mm-diameter
E detector. The E detector was coupled directly to a single 127-mm
photomultiplier tube (PMT) while the 𝛥E detector was coupled to two
38.1-mm PMTs via a light-pipe structure. The small thickness of the 𝛥E
detector minimized its sensitivity to 𝛾 rays, allowing the 𝛥E detector to
be used to identify incoming 𝛽 particles.
The recoil-ion TOF was determined from coincidences between a
𝛥E plastic detector and an MCP detector. The detectors are identified
according to their positioning relative to the beam axis. In the left
and bottom positions are the two 𝛥E–E plastic scintillator detectors,
and in the right and top positions are two MCP detectors and two
HPGe detectors. The ratio of the coincidences detected with the 𝛥EMCP detector pair separated by 180◦ , 𝑛𝛽𝑟 (180◦ ), and the detector pairs
separated by 90◦ , 𝑛𝛽𝑟 (90◦ ), denoted
𝑅180∕90 =

𝑛𝛽𝑟 (180◦ )
𝑛𝛽𝑟 (90◦ )

,

Fig. 2. Levels and decay scheme for the 3 MeV 𝛾-ray fictitious states model.

decay scheme using an existing Monte-Carlo code for 𝛽 decay [13],
which includes 𝛽𝛾 and 𝛽n decay processes [6]. The 𝛽-decay transitions
are all assumed to have an allowed energy distribution. The recoil-ion
momenta are determined from conservation of momentum. The 𝛽-decay
feeding and subsequent excited-state decay properties are provided by
either data available in the Nuclear Data Sheets (NDS) [14–21], from
measurements made using the Modular Total Absorption Spectrometer
(MTAS) [22], or are considered unknown, in which case they must
be adjusted such that the simulated plastic E detector energy spectra
reproduce the experimental data. For the NDS and MTAS cases, the
Reference Input Parameter Library (RIPL-3) [23] is used to describe the
𝛾-ray cascade for each populated excited state. For the case where the
𝛽-decay feeding is considered unknown, fictitious excited states spaced
at 1-MeV intervals in the daughter nucleus are used (’’fictitious states
model’’), as shown in Fig. 2. In this case, the 𝛾-ray cascade is constructed
such that excited states up to a chosen maximum 𝛾-ray energy deexcite
to the ground state by emitting a single 𝛾 ray, while higher excited
states emit a 𝛾 ray at this maximum energy (followed by additional 𝛾-ray
emission by the lower-energy states until the ground state is reached).
The daughter ions are assigned a charge state of either 2+ , 3+ , or
4+ with likelihoods based on the average charge state for each isotope
listed in Table 1. The location of the decays within the ion cloud are
distributed with a Gaussian distribution of 1 mm at FWHM (assumed to
be identical in all three spatial dimensions).

(2)

is found to be an important measured property that needs to be matched
by the 𝛽-decay simulation. The experimental results for 𝑅180∕90 for all
the isotopes studied here are given in Table 1.
The daughter ions charge-state distributions were inferred from
the magnitude of the RF-phase dependence of the measured 𝛽-ion
coincidence rates using the approach described in detail in Ref. [11]. A
simple charge-state-distribution model including the 2+ , 3+ , and 4+ ions
was used where each charge-state abundance is reduced by a constant
multiplicative factor (fit to best reproduce the RF-dependence of the
data) from the one before it. The average charge state resulting from
this simple model for each isotope is listed in Table 1.

3.2. Particle propagation
The recoil ions are then propagated through the time-varying
electric-field environment of the BPT using the ion-optics program
SimIon [24] to determine which ions strike an MCP detector. For each
ion that hit an MCP detector, the TOF, hit position, impact energy, and
RF phase at the time of the decay were recorded. Impacts located within
a 46 × 46 mm2 fiducial area on either MCP are accepted to match a
corresponding cut used on the experimental data. A cut was applied to
account for the fraction of MCP ion hits not recorded in the experiment
due to the signal pulses falling below the electronic threshold [7]. In
addition, the measured MCP intrinsic efficiencies of 33.3(15)% and
29.3(14)% for the right and top detectors, respectively, were used to
adjust the simulated number of detected ions [11]. This factor accounts
for ions that are lost to either one of the grids or to the inactive channel
structure of the MCP detector as these losses are not otherwise included
in the simulation.

3. Simulation
3.1. Decay properties
Simulations were used to generate 𝛽-decay distributions for a given
𝛽-𝜈 correlation coefficient, set of 𝛽-decay feeding properties, and 𝛾-ray
62
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The emitted 𝛽 particle and any accompanying 𝛾 rays and CEs were
propagated through a GEANT4 [25] simulation of the apparatus to
identify decays which deposit energy in the 𝛥E and E plastic scintillators.
For decays which deposit more than 70 keV in the 𝛥E detector, the
timing and energies deposited in the plastic scintillators were recorded
and convoluted with the energy resolution of these detectors.
The 𝛽-ion TOF coincidences were then identified from decays in
which the detection requirements for both a 𝛥E and MCP detector were
satisfied. This 𝛥E-MCP detector coincidence requirement ensures that
all the detected particles originate from decays within the ion cloud.
This energy spectrum differed from the true 𝛽-decay energy spectrum
because of the coincidence requirement (which favors high-energy 𝛽
particles), the energy lost by the 𝛽 particles passing through the 𝛥E
detector, the detector response function, and any true summing in the
E detector from coincident 𝛾 rays. These effects are all included in the
simulations.
Fig. 3. (Color online) Comparison of the measured and simulated plastic
E detector (𝛽) spectra and the TOF spectra for 137 I 𝛽-ion coincidences. (a)
The energy deposition in the E detector in coincidence with the opposite
MCP detector (180◦ detector pairs), (b) the TOF for the 180◦ detector pairs,
(c) the energy deposition in the E detector in coincidence with the adjacent
MCP (90◦ detector pairs), (d) the TOF for the 90◦ detector pairs. The 𝛽-ion
coincidences at TOFs less than 3 μs are from 𝛽-delayed neutron emission.

3.3. Determination of average a𝛽𝜈
The 𝛽-𝜈 angular-correlation coefficients 𝑎𝛽𝜈 have a strong effect on
𝑅180∕90 . For the isotopes studied here, many of the transitions are firstforbidden and can potentially have any value of 𝑎𝛽𝜈 between −1 and 1.
None of these correlation coefficients are known so an approximation
was made that all 𝛽-decay branches for a given isotope have the same
(initially unknown) value of 𝑎𝛽𝜈 . This shared ‘‘average’’ value of 𝑎𝛽𝜈 is
notated here as ⟨𝑎𝛽𝜈 ⟩. For a fixed set of 𝛽-decay feeding and deexcitation
properties, the value of ⟨𝑎𝛽𝜈 ⟩ was set to the value found to make 𝑅180∕90
from the simulation results reproduce the experimental value. While
this is a somewhat coarse approximation, it is adequate for determining
the singles and coincidence detection efficiencies. For example, the
fictitious-states model simulation for 137 I was repeated using 𝑎𝛽𝜈 = −1∕3
for transitions to excited states at or above 4 MeV, 𝑎𝛽𝜈 = 1 for transitions
to ground and excited states at or below 2 MeV, and a value of ⟨𝑎𝛽𝜈 ⟩ = 0.4
for the artificial state at 3 MeV, the value of which was selected to match
𝑅180∕90 to the data. The detection efficiencies obtained were within 1%
of the values obtained when a single value of 0.63 for 𝑎𝛽𝜈 was used for
all transitions, as needed to match the measured value of 𝑅180∕90 .

4.2.

137

I fictitious states model

The strength of the 𝛽-decay feeding to the states in the fictitiousstates model was determined from the linear combination of simulated
spectra which best reproduced the measured plastic detector energy
spectra from the 𝛽-ion coincidence detected at 180◦ . This was accomplished by producing simulated spectra for 𝛽 decays to the ground state
and each excited state individually, with a common value for ⟨𝑎𝛽𝜈 ⟩,
and then using a weighted sum to produce an overall spectrum for a
given set of 𝛽-decay-feeding strengths. The resulting value of 𝑅180∕90
was determined and, if necessary, the value of ⟨𝑎𝛽𝜈 ⟩ was then adjusted
and the process repeated until the 𝑅180∕90 in the simulation matched
that of the data. This process was performed for models with different
maximum 𝛾-ray energies to investigate the sensitivity to the details of
this simple model.
The choice of 𝛾-ray cascade model affects the simulated value of
𝑅180∕90 , and consequently affects the fitted value of ⟨𝑎𝛽𝜈 ⟩. For any
excited state, deexcitation via a single 𝛾 ray to the ground state will
result in larger average recoil energies than the isotropic emission of
several lower energy 𝛾 rays. The additional recoil imparted from 𝛾-ray
emission affects the 𝛽-recoil angular distribution, shifting the value of
𝑅180∕90 closer to unity. To maintain the experimental value of 𝑅180∕90 in
the simulation, the value of ⟨𝑎𝛽𝜈 ⟩ must be increased for 𝛾-ray cascade
models with a higher maximum 𝛾-ray energy.
The 𝛾-ray cascade model also affects the simulated TOF spectra. The
cascades that involve higher-energy 𝛾 rays lead to more sharply-peaked
TOF distributions, as can be seen in Fig. 4. The discrepancies between
simulated and measured TOF spectra are used to exclude 𝛾-ray cascade
models which predicted a number of counts near the TOF peak which
differed from the measured value by more than 1𝜎. For 137 I, the 1-MeV
and 2-MeV cascades are excluded for this reason. The 4-MeV cascade
could also be excluded, but has been retained to demonstrate how the
cascade selection affects the results.
The predictive power of the fictitious-states model approach is
examined in Fig. 5. The direct 𝛽-decay feeding for each energy bin
determined using this model is compared to the results listed in the NDS
and from a recent measurement using the MTAS. The fit results from
the model reproduces the overall split between feeding to the ground
state and excited states, although it produces a different distribution of
feeding to the excited states. While this comparison shows limitations

4. Results and discussion
4.1.

137

I benchmark cases

Of the isotopes studied, the 𝛽-decay branching ratios for 137 I are the
most reliable as both high-statistics HPGe data [17] and total absorption
spectroscopy data [22] exist. The results for 137 I are shown in Fig. 3 to
demonstrate the process. Simulations using the 𝛽-decay feeding either
from the NDS or from MTAS measurements coupled with 𝛾-ray cascade
properties from RIPL-3 were performed. MTAS 𝛽-decay feeding data
are available for excitation-energy bins, and these bins were associated
with daughter-nucleus states to utilize the results in the simulation. In
some cases, a bin can be assigned to a particular state listed in RIPL3 without ambiguity, however, in other cases bins may coincide with
either multiple or no known daughter states. In the case where there is
more than one possible state for a given bin, the branching ratio was
divided among the possible states using the branching ratios from the
NDS. For bins which do not correspond with a known state, an artificial
state was added at the center of the bin and assumed to deexcite by a
single 𝛾-ray directly to the ground state. For the NDS-based and MTASbased fits, the only free parameters are the value of ⟨𝑎𝛽𝜈 ⟩ used to match
the measured 𝑅180∕90 and a normalization factor to match the total
number of counts. The 𝛽 energy and TOF results are shown in Fig. 3
and both simulations are found to agree well with the data.
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Fig. 4. (Color online) The measured recoil-ion TOF spectrum for 137 I compared
to the simulation results obtained using different decay models. The TOF spectra
resulting from the 1-MeV, 2-MeV, and 4-MeV 𝛾-ray cascade models do not match
the data well.

Fig. 5. (Color online) The 𝛽-decay feeding to 1-MeV excitation-energy bins in
following the 𝛽 decay of 137 I. The results of the 𝛾-ray cascade models are
compared to the nuclear data listed in the NDS [17] and recent MTAS [22]
results.

Fig. 6. (Color online) The 𝛽-energy spectra detected in the plastic E detector
for 𝛽-ion coincidences in the 180◦ detector pairs. The results are compared to
simulations using NDS/RIPL-3 input [14–21,23] along with fits using the 𝛾ray cascade models which best match the timing spectra for each isotope (see
Section 4 for details).

137 Xe

in this approach, the general characteristics are reproduced sufficiently
for the present purpose.

the fractions of decays directly feeding each fictitious state as free
parameters allows the energy spectrum to be fit well to the data.
The 𝛽 decays of 144 Cs and 145 Cs are accompanied by significant CE
emission. Using the branching ratios from NDS [20,21] and cascade
information from RIPL-3 [23], 6.2% of 144 Cs and 19.8% of 145 Cs 𝛽
decays result in internal conversion. Internal conversion affects both the
𝛽- particle and the 𝛽-ion detection efficiencies by providing additional
electrons that have enough energy to be detected in the 𝛥E detectors
and by significantly increasing the charge state of the recoiling nuclei
due to processes such as the emission of Auger electrons during the
filling of inner-shell atomic vacancies [29]. The increased charge state
of the recoiling ions causes the RF field to have a greater influence
on their trajectories, which lowers the probability of reaching the MCP
detectors. To account for these effects, the CE energies and intensities
were included in the fictitious-states models to maintain the overall CE
distribution present in the NDS/RIPL-3 simulations.

4.3. Other isotopes
The 134,135 Sb, 138,140 I, and 144,145 Cs 𝛽 decays were analyzed using a
similar approach and the results are shown in Fig. 6. The simulation for
134 Sb, which is dominated by the transition directly to the ground state,
agrees relatively well with the measured data. In contrast, the energy
spectra for the NDS/RIPL-3-based simulation results are weighted towards significantly higher energies than the data for the other cases,
especially for 144,145 Cs and 138,140 I. These discrepancies are not completely unexpected given that these isotopes had only been previously
studied using small-volume HPGe and Ge(Li) detectors [21,26], which
give results susceptible to the ‘‘Pandemonium effect’’ [27]. This is a
well-known problem that arises when the many 𝛽-decay transitions
to higher excited states (which can sum together for a non-negligible
combined strength) are misattributed to lower excited states due to their
individual characteristic 𝛾- ray signals being obscured in the detected
𝛾-ray spectrum. For example, measured 145 Cs 𝛽-decay transitions which
yield a daughter 145 Ba nucleus are only known to populate excited states
up to 1.35 MeV [21], even though the 𝛽-decay Q value is 7.46 MeV.
It is likely that there is additional 𝛽-decay strength populating states
above 1.35 MeV of excitation energy. Measurements of 𝛽-particle energy
spectra from Rudstam et al. [28] for these isotopes also indicate that
there is additional feeding to higher-lying excited states.
Fig. 6 also depicts the results obtained from the fictitious-states
model for each isotope. In each case, only the 𝛾-ray cascade model
which produced the closest match to the TOF spectra is shown. Using

4.4. Efficiency results
A summary of the results for the efficiency of each detector and
detector pair is shown in Table 2 for the various 𝛽-feeding and 𝛾-ray
cascade models. The detection efficiency of the right MCP detector is
about 30% larger than the top MCP detector due to the lower gain of
the top detector, which resulted in a larger number of ion hits falling
below the electronic threshold [7], and the smaller intrinsic efficiency
of the top detector found from the analysis of the 134 Sb data [11]. The
MCP detectors and plastic-scintillator detectors subtend similar solid
angles, but the MCP detection efficiency is significantly lower due to
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Table 2
Detection efficiencies, average 𝛽-𝜈 angular-correlation coefficients ⟨𝑎𝛽𝜈 ⟩, and average excitation energies ⟨𝐸 ∗ ⟩ populated by the 𝛽-decay transitions for the various
𝛽-feeding and 𝛾-ray cascade models for 𝛽 decays without neutron emission. Intrinsic efficiency values of 29.3% and 33.3% for the top and right MCP detectors,
respectively, determined in Ref. [11] are used. Values for ⟨𝑎𝛽𝜈 ⟩ which are outside the range −1 to 1 are not physical, however extrapolating is required to fit the
experimental value for 𝑅180∕90 in these cases. If more than one fictitious-states cascade model produces acceptable TOF spectra, the closest match is indicated by *.
The 144 Cs and 145 Cs fictitious-states models assume 6% and 20%, respectively, of the decays result in the emission of CEs (see Section 4 for details).
Isotope

Excitation and 𝛾-ray cascade model

⟨𝑎𝛽𝜈 ⟩

⟨𝐸 ∗ ⟩

MCP efficiency

Plastic efficiency

Coincidence efficiency

MeV

Top
%

Right
%

Left
%

Bottom
%

BT
%

LR
%

BR
%

LT
%

134 Sb

NDS/RIPL-3
1 MeV
2 MeV*
3 MeV

0.48
0.59
0.62
0.66

0.07
0.64
0.60
0.63

1.10
1.11
1.12
1.12

1.44
1.46
1.47
1.48

6.65
6.68
6.67
6.66

6.79
6.79
6.78
6.78

0.347
0.351
0.354
0.355

0.451
0.453
0.457
0.458

0.048
0.051
0.051
0.051

0.037
0.035
0.036
0.036

135

Sb

NDS/RIPL-3
4 MeV
5 MeV*

−0.27
0.17
0.23

1.01
1.61
1.63

1.01
1.09
1.10

1.35
1.46
1.48

6.68
6.74
6.74

6.83
6.86
6.85

0.256
0.278
0.280

0.330
0.366
0.369

0.058
0.064
0.065

0.043
0.046
0.046

137

I

NDS/RIPL-3
MTAS/RIPL-3
3 MeV*
4 MeV

0.11
0.33
0.63
0.65

1.15
1.35
1.74
1.63

0.97
1.00
0.98
1.00

1.30
1.33
1.32
1.35

6.70
6.61
6.45
6.50

6.79
6.68
6.55
6.60

0.236
0.241
0.233
0.239

0.308
0.315
0.308
0.317

0.053
0.054
0.053
0.055

0.038
0.040
0.038
0.039

138

I

NDS/RIPL-3
2 MeV
3 MeV*

−1.24
−0.93
−0.77

1.22
3.09
2.99

0.98
0.96
1.00

1.33
1.29
1.34

6.81
6.78
6.77

6.95
6.90
6.87

0.170
0.162
0.170

0.228
0.214
0.223

0.074
0.071
0.074

0.053
0.052
0.055

140

I

NDS/RIPL-3
2 MeV

−0.93
−0.42

1.05
3.88

1.06
1.02

1.44
1.39

6.89
6.83

7.03
6.93

0.216
0.203

0.289
0.275

0.074
0.071

0.055
0.052

144 Cs

NDS/RIPL-3
3 MeV

−1.18
−0.40

0.45
3.71

1.00
0.90

1.35
1.22

6.99
7.33

7.09
7.41

0.184
0.163

0.241
0.218

0.074
0.067

0.053
0.047

145 Cs

NDS/RIPL-3
3 MeV

−0.98
−0.36

0.52
2.62

0.93
0.91

1.28
1.24

7.30
7.19

7.38
7.31

0.180
0.173

0.244
0.233

0.067
0.066

0.049
0.046

spectra in Fig. 6 and the associated values of ⟨𝑎𝛽𝜈 ⟩). Here, it is evident
that as long as the observed value of 𝑅180∕90 is reproduced by the 𝛽decay properties in the simulation, the efficiency for detecting the recoil
ions will remain largely unchanged. For all the cases other than 137 I, the
decay properties obtained from the data collected in this work are taken
to be the most reliable. As established with the 137 I results, the fictitiousstates model correctly reproduces the gross features of the decay pattern
and can determine the detection efficiency values to within ±4%. This
level of precision paves the way for high precision 𝛽-delayed neutron
emission branching ratio measurements using the recoil ion approach.

the intrinsic efficiency for recoil-ion detection and the impact of the
RF electric field on the ion trajectories. The plastic detectors used to
detect the 𝛽 particles show little variation between isotopes since the 𝛽
particles are generally well above the detection threshold. The slightly
higher efficiency for the bottom detector as compared to the left detector
is due to the bottom detector being approximately 1% closer to the trap
center. The plastic detector efficiency is larger for the decays of 144 Cs
and 145 Cs due to CE emission, which gives an additional electron with
sufficient energy for detection.
The coincident 𝛽-ion efficiencies for 180◦ detector pairs are higher
than for 90◦ pairs because the momentum imparted from 𝛽-particle
emission causes the nucleus to recoil in the opposite direction. This effect is largest in 134 Sb, where a low average nuclear excitation following
𝛽 decay results in fewer (isotropic) 𝛾-ray emissions and therefore the 𝛽particle momentum contributes a larger fraction of the total recoil. This
effect also results in a correlation between results for ⟨𝐸 ∗ ⟩ and ⟨𝑎𝛽𝜈 ⟩
— to maintain a fixed value for 𝑅180∕90 , an increase in ⟨𝐸 ∗ ⟩ requires an
increase in ⟨𝑎𝛽𝜈 ⟩.
The overall systematic uncertainty in the determination of the 𝛽ion coincidence efficiency that can be expected when using the evenlyspaced fictitious-states model was obtained by examining the 137 I results
shown in Table 2. The results for the MCP, plastic detector, and 𝛽-ion
efficiencies from the NDS-based and MTAS-based simulations agree with
each other within about 3% and served as a benchmark against which
the results of the fictitious-states model were compared. The results from
the fictitious-states models using either the 3-MeV and 4-MeV 𝛾-ray
cascades all agree with the NDS-based and MTAS-based results, with
the largest difference being 5%; the size of this difference was taken as
a measure of the systematic uncertainty. A similar level of agreement
is found for the decay of 134 Sb, although there the differences in the
90◦ detector pair shows a slightly larger variation.
A significant contributor to this uncertainty is the approximate
treatment of the 𝛾-decay cascade as can be seen in the variation between
different cascade models for a given isotope.
Surprisingly, the efficiency values determined from the different
models have such a small variation even in cases where there are large
differences in the 𝛽-feeding distributions (as seen in the different energy

5. Conclusion
The fraction of recoil ions which reach an MCP detector following
the 𝛽 decay of isotopes held in the BPT is needed to determine 𝛽-delayed
neutron emission branching ratios solely from 𝛽-ion coincidences. However, the existing information on the 𝛽-decay schemes for most isotopes
is limited and properties such as 𝛽-𝜈 angular correlations needed for
detailed simulations of the recoil-ion energy spectra are not available.
Here, a method which uses evenly-spaced fictitious excited states in
the daughter nucleus to approximate the 𝛽-decay characteristics was
developed to determine the detection efficiencies. The method can be
used to constrain the decay properties using only data collected with the
BPT detector array. For 137 I, the results from this method were compared
to results from simulations based on nuclear data from both the NDS
and MTAS, each in conjunction with 𝛾-decay information from RIPL-3.
The method was then applied to determine the detection efficiencies for
other isotopes studied using the BPT.
Using this method, it is possible to determine the detector efficiency
values for the BPT to within 4%, which paves the way for precisely
determining 𝛽-delayed neutron branching ratios solely from the recoilion TOF spectra. Additionally, these results reveal that, with the exception of 137 I and 134 Sb, all isotopes studied have significant 𝛽-decay
feeding to highly-excited states in the daughter nucleus that had not
been previously identified.
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